The serotonin transporter (5-HTT) is a candidate gene for bipolar disorder (BPD). It has been investigated for association with the illness in a series of studies, but overall results have been inconsistent and its role in the disorder remains controversial. Systematic reviews using metaanalytical techniques are a useful method for objectively and reproducibly assessing individual studies and generating combined results. We performed two meta-analyses of published studies-both population-based and family-based studies-investigating the association between BPD and the 5-HTT gene-linked polymorphic region (5-HTTLPR) and the intron 2 variable numbers of tandem repeats (VNTR) polymorphisms. The literature was searched using Medline and Embase to identify studies for inclusion. We statistically joined population-based and family-based studies into a single meta-analysis. For both polymorphisms, our review revealed significant pooled odds ratios (ORs): 1.12 (95% CI 1.03-1.21) for the 5-HTTLPR and 1.12 (95% CI 1.02-1.22) for the intron 2 VNTR. Meta-regression showed that neither the study type (population-based vs family-based; P ¼ 0.41 for the 5-HTTLPR and P ¼ 0.91 for the intron 2 VNTR) nor the sample ethnicity (Caucasian vs non-Caucasian; P ¼ 0.35 for the 5-HTTLPR and P ¼ 0.66 for the intron 2 VNTR) significantly contributed to the heterogeneity of the meta-analyses. The observed ORs could be regarded simply as a very small but detectable effect of the 5-HTT, which has an additive effect when combined with other susceptibility loci. Alternative hypotheses on this finding were also discussed: a stronger effect of the haplotypes involving the two polymorphisms or other SNP markers; a more direct effect of these polymorphisms on specific phenotypes of BPD; and the presence of gene-environment interaction as a mediator of the genetic effects of 5-HTT. Molecular Psychiatry (2005) 10, 771-781.
Bipolar disorder (BPD), also known as manic-depressive illness, is a frequent and severe psychiatric disorder with the lifetime prevalence between 1 and 2% in the general population, being equally distributed across sexes. 1 The etiology is unknown although the presence of a complex dysfunction at multiple levels such as neurotransmitter system, prefrontallimbic-subcortical circuit and neuroendocrinological system has been suggested. 2 Family studies have indicated a marked increase in lifetime risk of the illness in first-degree relatives of the proband, varying between five and 10 times that of the general population. 3 Twin studies have shown an increased risk in monozygotic co-twins compared with dizygotic co-twins of a proband with BPD. The risk in monozygotic co-twins has been estimated at times that of the general population. 3, 4 Adoption studies have also shown that the risk of BPD is greater in biological relatives than in adoptive relatives of the probands. 5 Most of the segregation studies have shown that the inheritance of BPD cannot be explained by a singlegene model, but instead it is consistent with a multifactorial polygenic or oligogenic model. Indeed BPD is a complex genetic disorder.
The search for specific susceptibility genes has been conducted employing association and linkage studies. 6 Neither of these has produced a consistent pattern of linkage or association, and indeed a recent meta-analysis of linkage data in bipolar disorder failed to find any significant loci. 7 Association studies need candidate genes in order to improve on the low prior probability of selecting a gene at random, and selection of these is dependent on the level of knowledge about the pathophysiology of the disorder. Since this understanding in BPD is still poor, association studies in this area have focused on neurotransmitter systems that are influenced by medications used in the treatment of BPD and depression such as mood stabilizers and antidepressants. 8 No definitive associations have yet emerged and the evident inconsistency may be due to false positive studies, false negative studies or true variability in association among different populations. However, there have been some interesting preliminary findings including those with polymorphisms within the genes encoding catechol-o-methyl transferase (COMT), 9,10 monoamine oxidase A (MAOA) 11 and the serotonin transporter (5-HTT). 5-HTT is regarded as a strong candidate gene for BPD as serotonin seems to have a key role in the regulation of mood and the treatment of affective symptoms. 2 Consequently, polymorphisms in the gene have been studied extensively. The most studied susceptibility loci of the 5-HTT gene are two variable numbers of tandem repeats (VNTRs): (1) a VNTR in the second intron (intron 2 VNTR) with three alleles (Stin2.9, Stin2.10 and Stin2.12) and (2) a 44 base pair insertion/deletion within the promoter region, termed the 5-HTT gene-linked polymorphic region (5-HTTLPR), with two allelic forms, the long variant (L) and the short variant (S). 12 Both of these VNTRs are functional, with the S allele of the 5-HTTLPR having lower transcriptional activity 13, 14 and the intron 2 VNTR having differential enhancer activity. 15 Besides its important functional role, the 5-HTT gene is located in a potential locus of susceptibility (17q11-12) to BPD shown in linkage study. 12 Thus, functional and positional information suggests that the 5-HTT gene is an important candidate for genetic studies of susceptibility to BPD.
The objective of the present paper is the estimation of the pooled effect size from the existing studies on the 5-HTT promoter 44 bp insertion/deletion and the intron 2 VNTR polymorphisms. Systematic reviews using meta-analytical techniques are a useful method for objectively and reproducibly assessing individual studies and generating combined results in order to clarify association studies. Meta-analysis is especially interesting for genetic association studies because most genetic effects are small and many association studies are underpowered. 16 In fact, many association studies of the 5-HTT have presented small and nonsignificant odds ratios (ORs). Nevertheless, several studies have shown significant association and this inconsistency deserves a more careful investigation. The critical question, as posed by Lohmueller et al, 17 is whether false positive results explain this inconsistency or if there is true association.
Methods

Search strategy
The literature search was conducted using Medline and Embase from the inception to September 2004. The search strategy contained 'bipolar disorder', 'genetics' and 'serotonin' as keywords: 'bipolar disorder' and ('genetics' or 'serotonin'). The bibliographies of the initially selected papers and the five review papers on the genetics of BPD 3, 6, 8, 18, 19 were also searched.
Study selection
Inclusion criteria were: (1) type of studies-association studies including population case-control and/ or family-based approaches; (2) participants-adults with the diagnosis of BPD and the corresponding controls; (3) exposure-5-HTT gene (more specifically only the studies investigating either of the two polymorphisms, 5-HTTLPR and intron 2 VNTR, were included); (4) outcome-bipolar disorder including type I and type II. Studies were independently examined according to these criteria by two authors (HJC and IM) and discrepancies were resolved via discussion.
Data extraction
The data extraction was focused on the review objective. The following items were extracted: (1) author and year of publication; (2) study design; (3) sample ethnicity; (4) in population-based studies, number of cases and controls according to the exposure status-only the analysis at chromosome level were considered, consequently extracting the number of alleles rather than of subjects; (5) in familybased studies, number of transmitted alleles and nontransmitted alleles. Data were extracted from the articles by two authors (HJC and QC) and discrepancies were resolved via discussion.
Data synthesis
ORs and standard errors (SEs) were calculated for each of the included studies. For the 5-HTTLPR, we studied the association between the short allele (S) and BPD. In the case of the intron 2 VNTR, we obtained OR for the allele 12 while clumping the remaining alleles together. We adopted the method used by Lohmueller et al 17 to join population-based and family-based studies into a single meta-analysis. ORs and SEs for family-based studies were calculated treating the number of transmissions of each allele as the number of occurrences of that allele in cases and considering the controls to be a very large population with equal numbers of each allele (to reflect the expected 50 : 50 transmission ratio).
Meta-analysis was conducted using Stata. 20 Subsequently, meta-regression was performed to further investigate two potential sources of heterogeneity-
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study type (population-based vs family-based) and sample ethnicity (Caucasian vs non-Caucasian), specifying the method for estimating the between-study variance as restricted maximum likelihood. 21 Publication bias was verified firstly using Begg's funnel plot and Egger's test. 22 Subsequently, given the limitations of these two methods, an alternative graphical test was used: normal quantile plot. 23, 24 This plot compares the quantiles of an observed distribution against the quantiles of the standard normal distribution. In a meta-analysis, such a plot can be used to check the normality assumption, investigate whether all studies come from a single population and search for publication bias.
Power analysis
Finally, we performed power analyses based on the effect size estimate generated by the meta-analyses, which might serve as a guide to the design of future association studies investigating these polymorphisms. Sample size was calculated using a standard power analysis package (PASS) 25 on the basis of the ORs generated by the meta-analyses and on the assumption of a requirement for 80% power and for alpha values of both 0.05 and 0.01. The fact that OR was derived from the number of alleles rather than individuals was taken into account. The calculation was modeled on the degree of exposure (0, 1 or 2 alleles) and the corresponding risk of illness, and assumed a matched case-control design.
Results
The combined search yielded 637 references, out of which 30 were initially selected checking their abstracts for the selection criteria, excluding those which clearly did not meet the criteria. 9, 14, Scanning the bibliographies of these initially selected papers and the five review papers, 25 further references were identified. [11] [12] [13] Out of these 55 papers, 24 were excluded. Four of these 24 papers contained the same data. 39, 44, 62, 67 Two were about mental disorders other than BPD. 13, 71 Three were not association studies. 26, 31, 40 Four investigated other genes 37, 43, 64, 65 and three investigated polymorphisms other than the 5-HTTLPR and the intron 2 VNTR. 36, 45, 55 Six papers studied a specific clinical feature of BPD rather than the illness itself. 11, [28] [29] [30] 72, 73 Finally, two did not provide enough data to be included in the meta-analyses. 48, 59 The 31 papers finally selected reported 43 studies related to the review objective in total since each paper frequently reported several separate studies. and four family-based studies 12, 52, 57, 63 were about the intron 2 VNTR. Among the population-based studies, some used matched controls according to the ethnicity 41 ,47,50,60,66,69 and others explicitly verified the ethnic homogeneity of the sample through the ancestry history. 27, 33, 56 One used an isolated population. 46 One did not mention the ethnicity of the study sample. 51 The remaining studies mentioned that the sample was ethnically homogeneous. 
5-HTTLPR meta-analysis
In total, 17 population-based studies comprised 1712 cases (ie 3424 alleles) and 2583 controls, whereas six family-based studies comprised 587 trios. Summaries are shown in the Tables 1 and 2 . This meta-analysis revealed a nonsignificant test for heterogeneity (P ¼ 0.35). Consequently, we adopted the pooled estimate using the fixed-effects model (OR 1.12, 95% CI 1.03-1.21, P ¼ 0.007) (Figure 1 ). Although the formal test for heterogeneity was not significant, we conducted meta-regression since this is not a particularly powerful test and there were also grounds for considering the study type and the ethnicity as potential sources of heterogeneity. However, the meta-regression showed that neither the study type (population-based vs family-based; P ¼ 0.41) nor the sample ethnicity (Caucasian vs non-Caucasian; P ¼ 0.35) significantly contributed to the heterogeneity among the individual study results. In order to assess publication bias, we used a combination of graphical (Begg's funnel plot and normal quantile plot) and formal statistical methods (Egger's test, P ¼ 0.33), but there was no evidence for such a bias (Figures 2 and 3 ). The funnel plot was roughly symmetric and the curvature of the normal quantile plot was within tolerable limits. However, we suspected the presence of two different populations in the meta-analysis because there was an apparent double 'bump' in the normal quantile plot and the funnel plot did not converge to a single value as the SE of log OR decreased-that is, as the study sample size increased.
23,24
Intron 2 VNTR meta-analysis In total, 16 population-based studies comprised 1764 cases and 2703 controls, whereas four familybased studies comprised 382 trios. Summaries are shown in the Tables 3 and 4 . This meta-analysis revealed a nonsignificant (or borderline) test for heterogeneity (P ¼ 0.06). Consequently, we adopted the pooled estimate using the fixed-effects model (OR 1.12, 95% CI 1.02-1.22, P ¼ 0.016) (Figure 4) . The meta-regression showed that neither the study type (population-based vs family-based; P ¼ 0.91) nor the sample ethnicity (Caucasian vs non-Caucasian; P ¼ 0.66) had any association with the individual study results. There was no evidence of publication bias according to Egger's test (P ¼ 0.82), Begg's funnel plot and normal quantile plot (Figures 5  and 6 ). These plots presented similar patterns to those observed in the 5-HTTLPR meta-analysis. Hence, we again suspected the presence of two different populations.
Power analysis
The sample size required to detect effect sizes suggested by the results of meta-analyses (OR ¼ 1.12) turned out to be 5500 and 8150 per group, respectively, for alpha values of 0.05 and 0.01.
Discussion
Both functional and positional information imply that the 5-HTT gene may be an important susceptibility factor for BPD, and two functional VNTRs within the gene appear to be the best candidate polymorphisms for association with the illness. During our reiterative review process, two meta-analyses of the studies on 5-HTTLPR and intron 2 VNTR were published. 18, 19 Anguelova et al's 18 review, which did not include family-based studies, showed small and significant ORs for both polymorphisms. On the other hand, in Lotrich and Pollock's review, 19 which conducted separate analyses for population-based and familybased studies, the results did not reach statistical significance. Nevertheless, our review, which went through an independent search and selection process from them, not only included more recent studies but also statistically joined population-based and familybased studies into a single meta-analysis. Thus, our Kunugi 97
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Figure 1 meta-analyses, unlike previous meta-analyses, were able to incorporate the results of family-based study. This statistical procedure allowed us to enhance the power of the meta-analyses and also to have a wider overview of the association studies on BPD. In fact, both 5-HTTLPR and intron 2 VNTR meta-analyses revealed statistically significant results.
However, the ORs we obtained were small with narrow CIs. This indicates that when considered alone as a genetic factor, the 5-HTT has a very small but detectable effect on susceptibility to BPD. This could be regarded simply as a weak genetic effect, which has an additive effect when combined with other susceptibility loci.
On the other hand, there are a number of alternative hypotheses. Firstly, analysis of haplotypes of the 5-HTTLPR and the intron 2 VNTR and indeed of other SNP markers could provide stronger evidence for association. These two polymorphisms are in moderate linkage disequilibrium, with the standard linkage 77 ). Thus, all haplotypes of the common alleles of these two makers are seen in Caucasian populations. Surprisingly, however, most studies of this gene in BPD have not formally examined these haplotypes. Of eight population-based studies that examined both polymorphisms, 33, 38, 50, 51, 56, 60, 61, 70 only four performed a formal haplotype analysis.
38,50,60,70 None reported any evidence of haplotypic association, but in most cases data are not shown and cannot easily be assessed overall. Two family-based studies examined haplotypes of the two VNTRs. 12, 63 If we assume the S-12 haplotype as the risk haplotype, the former study found the 'risk' haplotype transmitted 41 times vs 20 not transmitted, whereas the latter found 51 compared to 46; although neither of these analyses was statistically significant alone, the former result is intriguing. Clearly there is scope for further Collier 96b Battersby 96 Rees 97 Kunugi 97 Bellivier 97 Hoehe 98 Gutierrez 98 Furlong 98 Bellivier 98 Liu 99 Heiden 00
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Sun 04 examination of the haplotypes of these two polymorphisms and the inclusion in that analysis of a number of SNPs in the gene which may strengthen evidence of association (eg Sun et al; 50 Conroy et al 77 ). Secondly, it could be that the effects of these polymorphisms are more easily seen when examining other phenotypes, where they may have a more direct effect, such as anxiety-related traits, neuroticism, personality [78] [79] [80] or response to antidepressant medication. [81] [82] [83] One argument to explain the weak association of the 5-HTT polymorphisms is antidepressantinduced mania (AIM). 84 According to this argument, bipolar patients who are homozygous for the low activity S allele of the 5-HTTLPR might be at a higher risk of developing a manic or hypo-manic episode after commencing antidepressant therapy. Association analysis has been equivocal on the role of the 5-HTTLPR in AIM with two negative 85, 86 and one positive study. 87 The intron 2 VNTR has not been tested for association with AIM. Thus, further work is required before this becomes a viable hypothesis.
Another possible explanation is the presence of gene-environment interaction as a mediator of the genetic effects of 5-HTT. Thus, in the presence of environmental measures, a stronger genetic effect for the 5-HTTLPR in BPD would be evident, whereas examining the gene alone produces a small effect that is not easily detected in single population studies for reasons of statistical power. In unipolar depression, individuals with one or two copies of the short allele of the 5-HTTLPR exhibit more depressive symptoms, diagnosable depression and suicidality in relation to stressful life events than individuals homozygous for the long allele. 88 However, gene-environment interaction has not been examined for the 5-HTTLPR in BPD and probable etiological differences mean that it is not possible to simply extrapolate findings in unipolar depression to BPD. Furthermore, geneenvironment interaction was not seen for the intron 2 VNTR in the 5-HTT gene, and so is less likely as an explanation for the weak effect of this particular polymorphism. However, one can speculate that life events could interact with 5-HTT gene polymorphisms to generate episodes of either manic or depressive symptoms in bipolar disorder, another hypothesis that is testable.
Power analysis revealed an interesting feature, which may be an important cautionary note to the researchers given that, so far, most association studies have included at the most several hundred subjects. According to our analysis, properly powered association studies on the 5-HTT polymorphisms should include several thousand subjects per group.
Heterogeneity is a frequently encountered problem in meta-analyses. Especially, our meta-analyses joined two different types of association studies, which could augment the heterogeneity. Hence, we performed the test for heterogeneity and meta-regression. However, they revealed neither the presence of significant heterogeneity nor its sources. Even though this finding provides some support for the validity of the pooled results, the possibility of heterogeneity cannot be completely discarded because the abovementioned statistical procedures are not particularly powerful. Another important reason to suspect the heterogeneity despite the results shown above is the possible presence of two different populations in the meta-analyses suggested by the graphical methodsnormal quantile plots and Begg's funnel plots. In order to search what indeed caused the presence of distinct subpopulations, we rearranged the forest plots in the order of ORs. According to the forest plot of the 5-HTTLPR, Mynett-Johnson et al (2000), 12 Hauser et al (2003) 34 and Rotondo et al (2002) 9 stood apart as an apparent cluster. The forest plot of the intron 2 VNTR showed Kunugi et al, 38 Heiden et al (2000) 35 and Collier et al (1996b) 58 as an apparent cluster. However, we could not identify any particular characteristics shared by these studies that might cause them to stand apart.
The presence of publication bias was not clear according to the methods we employed here. Again, although this observation provides some support for the validity of the review results, we cannot completely discard such a bias since all formal tests of publication bias are known to be weak.
Another question that arises when performing meta-analyses like ours is, given that there are many possible candidate genes that could be tested for BPD, what the acceptable significance criteria should be. For example, if 100 different genes were studied by meta-analyses, about five of them would have 95% CIs excluding one by chance alone. Indeed, multiple testing is a problem for all genetic association studies and there are no obvious methods that can exclude false positives while capturing true positives for weak genetic effects. In whole genome association, where multiple testing is a severe problem, practical methods have been proposed to help to identify important genetic factors more efficiently, such as ranking markers by proximity to candidate genes or by expected functional consequence. 89 Since the 5-HTT is a strong candidate gene based on biological and pharmacological evidence and the two polymorphisms are functional, it can be considered a plausible and potentially important association even in the presence of multiple testing.
The last limitation of this review is derived from the problem of the individual studies included in it. Although most studies specified the attempts to remove population stratification, only the familybased studies are effectively free from this problem.
Future studies on the subject, especially those which are properly powered, effectively control for confounding by population stratification-for example, employing family-based design or genomic control 16 -and include gene-environment interaction, may add more evidence to support or refute the apparently promising results of this review.
